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Seeds from only six species are known to germinate
under anoxia of which Erythrina caffra Thunb. is the
only dicot species found on dry land. It has been sug-
gested in the past that seeds displaying a Pasteur effect
are usually intolerant of anaerobic conditions. Although
a Pasteur effect has been reported for Erythrina caffra
seeds, the present study precludes this effect. In con-
trast, Pisum sativum seeds exhibit a strong Pasteur
effect but are unable to germinate under anoxia.
Anaerobic pre-treatment of Erythrina seeds enhanced
the capacity of the oxidative pentose phosphate (OPP)
pathway of axes. Glycolytic rates under aerobic and
anaerobic conditions were similar. However, the
amounts of glycolytic intermediates such as G-6-P, F-6-
P, F-1,6-bisP, DHAP and GlycAld-3-P, in axes excised
from air and N2 treated E. caffra seeds, differed suffi-
ciently to indicate that glycolysis occurs faster in axes
under aerobic than anaerobic conditions. The release of
14CO2 by axes and cotyledons from air-treated E. caffra
seeds, after labelling with [U-14C]-glucose, was also
much higher than that from N2-treated seeds. In P.
sativum seeds, however, the opposite was true. Under
anaerobic conditions it is expected that substrate level
phosphorylation would be the main or only source of
ATP production. Yet, increased activities were meas-
ured for phosphoenolpyruvate (PEP) phosphatase and
phosphofructokinase (PFK), which bypass pyruvate
kinase (PK) and PPi-dependent phosphofructokinase
(PFP), respectively, in the glycolytic pathway.
Collectively this data indicated that Erythrina caffra
axes are able to utilise an alternative route for ATP pro-
duction.
Many germinating seeds undergo a period of anoxia after
imbibition and before the rupture of the testa (Crawford
1977). Although seeds of many species are capable of ger-
minating under water (hypoxia; Morinaga 1926), germination
in the absence of oxygen (anoxia) has been reported in only
a few species, i.e. rice (Atwell and Greenway 1987, Couée
et al. 1992), four species of Echinochloa (Kennedy et al.
1980) and Erythrina caffra Thunb. (Small et al. 1977, Small
et al. 1989). McManmon and Crawford (1971) suggested
that the acceleration of glycolysis, as well as induction of
alcohol dehydrogenase (ADH) during anaerobiosis (Pasteur
effect), leads to accelerated ethanol production and the sub-
sequent death of flood-intolerant plants. In contrast, seeds
with low glycolytic rates that show no Pasteur effect and pro-
duce lactate as an end product, e.g. rice, are able to survive
anoxia during germination (Crawford 1977).
Two carbohydrate metabolic pathways, i.e. glycolysis and
the oxidative pentose phosphate (OPP) pathway, are highly
active during seed germination (Botha and Small 1985).
The OPP pathway is an alternative to glycolysis for the
metabolism of glucose, and its primary role is the production
of NADPH for biosynthetic reactions (Miernyk 1990). The
activities of glucose-6-phosphate dehydrogenase (G-6-
PDH) and 6-phospho gluconate dehydrogenase (6-PGDH),
two regulatory enzymes of the OPP pathway, have been
reported to increase during germination concomitant with a
decrease in glycolytic enzyme activity (Bewley and Black
1994).
Glycolysis is the main source of energy in the absence of
O2, and several proteins synthesised de novo during anaer-
obiosis have been identified as key enzymes in the glycolyt-
ic pathway (Sachs et al. 1980). Strong regulation of glycoly-
sis occurs at the reversible conversion of fru-6-P to fru-1,6-
P2, catalysed by PFK, PFP and FBPase. Both PFK and PFP
cause the reaction to occur in the forward direction (glycoly-
sis), while FBPase and PFP are responsible for the reaction
in the reverse direction (gluconeogenesis; Botha and Small
1987). Phosphofructokinase and PFP are regulated by sev-
eral metabolites (Botha and Small 1987, Botha et al. 1988).
Fructose-1,6-bisphosphatase catalyzes the reverse reac-
tion, i.e. the conversion of fru-1,6-P2 to fru-6-P, and is a key
enzyme in gluconeogenesis (Kruger and Beevers 1985).
Echinochloa phyllopogon seeds are also able to germi-
nate anaerobically and have a high tolerance for ethanol, but
display no Pasteur effect (Kennedy et al. 1980, Rumpho and
Kennedy 1981). These seeds are able to maintain a high
concentration of ATP with an energy charge of at least 0.8
under anaerobic conditions (Rumpho and Kennedy 1983b).
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In contrast, Erythrina caffra seeds are able to germinate
both aerobically and anaerobically under conditions where
the adenylate energy charge (AEC) is below 0.75 (Kemp
and Small 1994) and display an apparent Pasteur effect
upon transfer to an anaerobic environment indicating an
acceleration of glycolysis. However, E. caffra seeds do not
produce toxic amounts of ethanol (Small et al. 1989).
The aim of this study was to determine whether the activ-
ities of the glycolytic and OPP pathways were sufficient to
maintain the energy status of E. caffra seeds for anaerobic
germination. Seeds incubated for 24h were chosen as study
material because most of the E. caffra seeds were still in the
germination phase at this time interval while the radicles of
only 38% of the seeds have merely protruded the testas in
an air environment while only 25% germinated in a N2-envi-
ronment (Kemp and Small 1994). Pisum sativum seeds, not
capable of germinating under anoxia, were subjected to the
same treatments as E. caffra seeds and used as a control to
compare activities of key respiratory enzymes in, as well as
14CO2 release from metabolised [U-
14C]-glucose by excised
axes and cotyledons.
Materials and Methods
Treatment of E. caffra seeds
Erythrina caffra Thunb. seeds were harvested from trees
growing in the wild in Kwazulu Natal, South Africa and stored
in air-tight bottles at 21°C. Due to its hardseededness (Small
et al. 1989), Erythrina caffra seeds were scarified by immer-
sion and continuous stirring in concentrated H2SO4 for
90min. Seeds were washed with a large volume of sterile
distilled water, surface sterilised with 0.5% (v/v) Panacide for
5min and again washed with sterile distilled water before
incubation in air or N2 (Fedgas, South Africa) for 24h in the
presence or absence of 2mM chloramphenicol (CA) and
10mM cycloheximide (CHX) (inhibitors of protein synthesis
in the organelles or cytoplasm respectively).
Determination of enzyme activity
After incubation of seeds in either air or an N2 environment
for 24h, axes and cotyledons were separated in air at room
temperature. Subsequently, the seed tissue was
homogenised in extraction medium (5ml g-1 FW) at 2°C and
in triplicate, using a mortar and pestle. The homogenate was
centrifuged in a Hettich Microrapid K-bench centrifuge
(Tuttlingen, Germany) at 2°C for 10min at full speed. The
pellet was discarded and the supernatant decanted and
used for enzyme assays.
Two different enzyme extraction buffers were used for dif-
ferent enzymes. Extraction buffer A (Botha and Turpin 1990),
used for extracting PPi-dependent phosphofructokinase
(PFP), ATP-dependent phoshofructokinase (PFK) and fruc-
tose-1,6-bisphosphatase (FBPase), consisted of 100mM
Tris-acetate (pH 8.0), 2mM MgCl2, 1mM EDTA, 14mM ß-
mercaptoethanol and 10% (v/v) glycerol. Just before extrac-
tion, 2mM PMSF dissolved in 100% ethanol was added.
Extraction buffer B (Perl 1981), used for extracting adenylate
kinase (AK) and pyryvate kinase (PK), contained 50mM imi-
dazole-HCl (pH 6.9), 1mM EGTA, 1mM EDTA, 20% (v/v)
glycerol, 100mM KCl, 0.5% (v/v) Triton X-100 and 25mM
NaF (Perl 1981). The following compounds were added to
the isolation medium just before homogenisation: 2mM
PMSF (in 100% ethanol), 1mM DTT and 0.1mM fru-6-P.
Enzyme activity was determined in a final volume of 1ml
and in triplicate. Assays were done under pre-determined
optimal first order conditions where enzyme activities were
linear with respect to time. The protein concentration used
during the assays was 0.1mg to 0.2mg of crude enzyme as
determined by the method of Bradford (1976). The rate of
change in absorbance was followed at 340nm using a
Hitachi U-2000 or a Cary 3 spectrophotometer. Glucose-6-
phosphate dehydrogenase (G-6-PDH) and 6-phosphoglu-
conate dehydrogenase (6-PGDH) activities were assayed
as described by Pretorius and Small (1992). PPi-dependent
phosphofructokinase (PFP) and ATP-dependent phospho-
fructokinase (PFK) activity were determined as described by
Botha and Small (1987). Fructose-1,6-bisphosphatase
(FBPase) activity was determined after the PFP in the
extract had been removed by immunoprecipitation (Kruger
et al. 1983). Pyruvate kinase (PK) was assayed as
described by Moorhead and Plaxton (1988).
Phosphoenolpyruvate phosphatase (PEP phosphatase) was
determined according to the method of Duff et al. (1989b)
and adenylate kinase (AK) was assayed as described by
Perl (1981).
Determination of C6/C1 ratios and [U-14C]-glucose
labelling
Axes and cotyledons were separated from 24h incubated
seed and then rinsed with distilled water to remove fluids
from damaged tissue. Ten axes for each of three replicates
were quickly dried on a paper towel and placed in separate
Warburg vessels with centre wells. The axes were bathed in
2ml 20mM K-Pi buffer (pH 6.0) containing 1μCi cm-3 [1-14C]-,
[6-14C]- or [U-14C]-glucose (Amersham, UK) at 25°C accord-
ing to the method of Nicolas and Aldasoro (1979) modified by
Pretorius and Small (1992). The glucose concentration in the
buffer was 1.82 x 10-5mol cm-3. The centre well contained
200μl 20% (m/v) KOH. The flasks were fitted with rubber
septa and flushed with N2 for anoxic treatments, while shak-
en continuously and gently. Every 30min, two 10μl aliquots
were removed from the incubation medium for glucose
uptake determination, while 50μl was removed from the cen-
tre well to determine the amount of 14CO2 released.  The
aliquots were placed in vials and 4ml Instagel II (Amersham,
UK) scintillation cocktail added before the samples were scin-
tillation counted in a Beckman LS 6500 counter.
Extraction and measurement of metabolites
After the 24h incubation period, three replicate bottles per
treatment containing the differently treated seed, were trans-
ferred to an anaerobic cabinet. N2 was flushed through the
cabinet for 20min to create anaerobic conditions before the
septa were removed from the bottles. The axes were
removed and immediately placed in liquid N2. Extraction and
assay of glc-6-P, fru-6-P, fru-1,6-P2, DHAP and G-3-P were
165
carried out according to the method described by Michal
(1988a,b), while fru-2,6-P2 and fru-1,6-P2 were extracted as
described by Van Schaftingen (1988). In all cases analyses
were repeated twice for each replicate and the means and
standard errors calculated from a total of six determinations
for each treatment.
Results
[U-14C]-glucose metabolism
The 14CO2 release by axes from air-treated Erythrina caffra
seeds after labelling with [U-14C]-glucose was fourfold high-
er than that from N2-treated axes indicating that more glu-
cose was metabolised during the aerobic than the anaerobic
treatment (Table 1). The same tendency was observed for
air-treated cotyledons of E. caffra, where the 14CO2 release
was threefold higher than from the N2-treated ones. In the
axes of Pisum sativum, however, the opposite was true and
fivefold more 14CO2 was released by the N2-treated than the
air-treated ones (Table 1). Although the same tendency was
observed for N2-treated P. sativum cotyledons, the differ-
ence was less marked. At 24h of incubation none of the P.
sativum seeds germinated in a N2-environment as opposed
to the 30% germination of E. caffra seeds after the same
incubation period (Kemp and Small 1994).
Oxidative pentose phosphate pathway activity
Although the G-6-PDH activity was twofold lower than that of
6-PGDH (Table 2), the activities of both enzymes were very
similar in axes exised from seeds incubated in either air or
N2 for 24h. The C6/C1 ratios of axes excised from seeds incu-
bated in both air and N2 in the absence of protein synthesis
inhibitors were less than 1 (Table 3) but the ratio was twofold
lower in axes from N2-incubated seeds than in air-treated
ones.
The presence of CHX in the incubation medium resulted
in a 24% increase in the C6/C1 ratio of axes from air treated
seeds while this increase was 42% in axes from N2-treated
seeds. Chloramphenicol (CA) in the incubation medium,
however, decreased the C6/C1ratio in air treated axes by
20% while increasing this ratio in N2-treated axes more than
twofold.
Glycolytic enzymes
In E. caffra axes (Figure 1A) the PFP activity tended to be
higher than that of PFK and FBPase while PFP and PFK
activities were similar in axes excised from both 24h air and
N2 incubated seeds. However, FBPase activity in E. caffra
axes was almost twofold higher in N2-treated than in air-
treated axes (Figure 1A). The same tendency was observed
for these three enzymes in the cotyledons (Figure 1B)
except that the increase in FBPase activity of N2 treated
cotyledons was more pronounced than in the axes and also
in relation to PFP and PFK activities.
In contrast to E. caffra, the mean PFK activity was almost
similar to that of PFP in air-treated P. sativum axes (Figure
1C) but 30% higher than that of PFP in N2-treated ones. No
significant difference in axial FBPase activity was observed
between the two treatments. In pea cotyledons (Figure 1D)
the PFK activity was more than twofold higher than that of
PFP for both air and N2-treatments. No FBPase activity was
measured in air-treated cotyledons while the enzyme
showed some activity in N2-treated ones.
PEP phosphatase activity of E. caffra axes from 24h air
treated seeds (Figure 2A) was twofold higher than that of N2
treated axes as well as twofold higher than the PK activity in
axes of both treatments. While 24h N2 incubation caused a
50% decrease in PEP phosphatase activity of axes (Figure
2A), it had no effect on the PK activity. It is, however, inter-
esting to note that the PK activities were at least four times
higher in all treated axes than either PFP or PFK activities
(Figures 1A and 1B). Both PEP phosphatase and PK activi-
ties were significantly lower in E. caffra cotyledons (Figure
2B) than in axes and the same tendency of the N2 treatment
to decrease the PEP phosphatase activity without having an
effect on PK activity was observed.
In contrast, PK activity in both pea axes (Figure 2C) and
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Table 1: 14CO2 release, measured as total radioactivity, during incu-
bation of air- and N2-treated axes and cotyledons of E. caffra and P.
sativum in [U-14C]-glucose for 45min at 25°C. Axes and cotyledons
were excised from seeds incubated for 24h in either air or N2
Seed treatment CO2 release (Bq g
-1 dry weight)
Axes Cotyledons
E. caffra
24h Air 1 041 ± 91 260 ± 11
24h N2 75 ± 19 25 ± 5
P. sativum
24h Air 263 ± 37 133 ± 39
24h N2 1215 ± 31 228 ± 91
Table 2: Activities of glucose-6-phosphate dehydrogenase (G-6-
PDH) and 6-phosphogluconate dehydrogenase (6-PGDH) in
Erythrina caffra axes excised from seeds incubated in air and N2 for
24h
Seed treatment Enzyme activities
(nmol NADH min-1 mg-1 protein)
G-6-PDH 6-PGDH
24h Air 4.34 ± 0.53 7.78 ± 0.21
24h N2 3.80 ± 0.37 9.31 ± 0.04
Seed incubation in either C6/C1 ratios
air or N2 environments Air treatment N2 treatment
24h in absence of protein 0.41 ± 0.01 0.24 ± 0.01
synthesis inhibitors
24h in the presence of CA 0.33 ± 0.00 0.54 ± 0.08
24h in the presence of CHX 0.51 ± 0.31 0.34 ± 0.07
Table 3: C6/C1 ratios of Erythrina caffra axes excised from seeds
incubated in air and N2 for 24h in the presence or absence of chlo-
ramphenicol (CA, 2mM) and cycloheximide (CHX, 10mM). C6/C1
ratios were determined after 30min incubation in [6-14C] or [1-14C]-
glucose
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cotyledons (Figure 2D) was more than twofold higher than
that of PEP phosphatase activity. However, the same ten-
dency of the N2 treatment to decrease PEP phosphatase
activity, as was the case in E. caffra, was observed in pea
axes and cotyledons and the PEP phosphatase activity tend-
ed to be extremely low in axes from N2-treated seeds.
Although the N2 treatment tended to also have a slight
decreasing effect on the PK activity in both axes and cotyle-
dons, the decrease was not as marked as for PEP phos-
phatase. What is important is that the changes in PEP phos-
phatase and PK activities in pea axes and cotyledons were
the opposite of that measured in E. caffra for these enzymes.
Glycolytic metabolites
Glucose-6-P was not detected in E. caffra axes excised from
dry seeds but increased sharply during the first 12h of imbi-
bition in air (Figure 3A) and remained more or less constant
between 16h and 24h at a slightly lower level. The same ten-
dency was observed for G-6-P in axes from N2 treated seeds
but the increase over the first 12h of imbibition was almost
threefold lower than in axes from air treated seeds and also
stabilized at a slightly lower level between 16h and 24h than
in the latter axes.
In contrast, F-6-P was present in dry axes, increased
threefold in air treated axes over 24h of incubation while
decreasing in N2 treated axes over the same time interval to
a level lower than in dry axes and also threefold lower than
in axes from air incubated seeds (Figure 3B). After 24h of
imbibition the F-6-P content was in stoichiometric balance
with G-6-P levels (Fig. 3A) in air treated axes but more than
threefold lower than G-6-P in axes excised from N2 incubat-
ed seeds.
Fructose-1,6-bisphosphate (F-1,6-BP) was also present in
dry seed axes, increased sharply over the first 12h of imbi-
bition, followed by a sharp decrease between 12h and 16h,
and stabilised over the remaining 8h of imbibition (Figure
3C). In axes from N2 treated seeds the initial increase in F-
1,6-P was not as marked but it stabilised at the same level
as in air treated axes between 16 and 24h of incubation.
Dihydroxyacetone phosphate (DHAP; Figure 3D) was also
present in dry seed axes and followed the same tendency as
G-6-P to increase over the first 12h of incubation followed by
a slight decrease between 16h and 24h in both air and N2
treated axes (compare Figures 3A and D). Changes in
GlycAld-3-P content (Figure 3E) followed the same pattern
as did F-6-P in air treated axes (compare Figure 3B and 3E).
In axes from N2 treated seeds, however, GlycAld-3-P (Figure
3E) also increased gradually but was almost 30% lower than
in air axes at 24h of incubation. The fructose-2,6-P2 content
(Table 4) was 20% higher in axes excised from air than from
N2 incubated E. caffra seeds.
Discussion
In this study the relative respiration rates of axes and cotyle-
dons excised from air and N2 incubated E. caffra and P.
sativum seeds were initially measured by means of labelling
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Figure 1: Activities of PFP, PFK and FBPase in E. caffra axes (A)
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Figure 2: Activities of PEP phosphatase and PK from E. caffra axes
(A) and cotyledons (B) as well as in Pisum sativum axes (C) and
cotyledons (D) from seeds previously incubated in air or N2 for 12h
or 24h. Error bars represent SE
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with [U-14C]-glucose and determining the release of 14CO2
after 24h of incubation. The objective was to compare the
effect of N2 incubation on respiration in the organs separat-
ed from seeds of a species capable of germinating under
anoxia to that of a species not capable of doing so.
Interestingly, N2 incubation decreased the rate of respiration
fourfold in E. caffra axes while increasing the rate almost
fivefold in P. sativum axes. Although the same tendencies
were observed in the differently treated cotyledons of these
two species, the differences were not as marked.
Considering the fact that E. caffra seeds are capable of
germinating under anoxia, the fourfold decrease of the axial
respiration rate under anoxia questions the availability of
sufficient energy, in the form of ATP, to sustain metabolic
events necessary for the seeds to germinate. However, the
ATP content during the first 24h of germination was only
20% lower in N2 treated axes than in air treated ones (Kemp
and Small 1994) indicating that E. caffra axes were capable
of maintaining ATP levels under anoxia. As CO2 is released
by both glycolysis and the OPP pathway, the in vitro activi-
ties of both glycolytic and OPP pathway regulatory enzymes
were measured in axes and cotyledons of E. caffra, under
both aerobic and anaerobic conditions, in order to obtain
more information on the capacities of these two pathways.
Although absolute rates of metabolic pathways are difficult
to determine (ap Rees 1980), the relative activity of the OPP
pathway can be deduced from comparison of the metabolism
of 14C6- and 
14C1-labelled glucose and from activities of G-6-
PDH and 6-PGDH (Rumpho and Kennedy 1983a). The activ-
ity of G-6-PDH is particularly useful since it appears to be a
regulatory enzyme of the OPP pathway (Turner and Turner
1980). G-6-PDH seemed to be the rate limiting enzyme of the
OPP pathway, compared to 6-PGDH, with its activity at times
being almost half of that of the latter enzyme in E. caffra
axes. The activities of both enzymes in E. caffra axes were
also lower than that observed in other plants, e.g.
Echinochloa crus-galli seeds during germination (Rumpho
and Kennedy 1983b), sugar bean seeds (Phaseolus vul-
garis) during flooding (Pretorius and Small 1992) as well as
pea and wheat leaves (Stitt and ap Rees 1978). Incubation in
N2, however, had no significant effect on G-6-PDH activity.
By measuring the C6/C1 ratios in E. caffra axes excised
from 24h air and N2 incubated seeds, it was possible to
determine the relative activity of the OPP pathway in these
seeds during germination and under the different incubation
conditions. Additionally, by inhibiting nuclear and organellar
protein synthesis through addition of CHX or CA respective-
ly to the water during imbibition, it was further possible to
determine whether OPP pathway activity was present in the
dry seeds. A constant C6/C1 ratio of 0.5 or lower in the pres-
ence or absence of protein synthesis inhibitors indicated that
the OPP pathway was active during germination.
Furthermore, the N2 treatment decreased this ratio by
almost 50% in E. caffra axes indicating greater participation
of the OPP pathway under anoxia and that a very active
OPP pathway is required during germination of these seeds
under anoxic conditions. In a way this contradicted the gen-
eral statement of Bewley and Black (1994), namely that the
glycolytic pathway predominates during the first few hours to
several days after the start of seed imbibition. If the latter
prevailed one would have expected a C6/C1 ratio of closer to
unity. In light of this apparent contradiction, the activities of
key glycolytic enzymes namely PFP, PFK, FBPase and PK
in axes and cotyledons of both E. caffra and P. sativum axes
were measured and compared.
The in vitro activities of both PFP and PFK in E. caffra
axes were threefold higher than that of  G-6-PDH under both
24h air and N2 incubation conditions. Furthermore, anoxia
treatment had no significant effect on the activities of either
enzyme indicating that there was no reason to suspect that
the glycolytic capacity was reduced by the N2 treatment in
axes. The N2 treatment also had no effect on PFK activity in
P. sativum axes but reduced PFP activity by 35%. Despite
the latter reduction in PFP activity in P. sativum axes, the in
vitro activity of this enzyme still parallelled that of E. caffra
axes confirming that the difference between E. caffra and P.
sativum seeds regarding their ability to germinate is neither
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Table 4: Fructose-2,6-P2 content in Erythrina caffra axes excised
from seeds incubated in air and N2 for 24h
Seed incubation in either Fru-2,6-P2 content
air or N2 for 24h (pmol g
-1 dry weight)
Air treatment N2 treatment
24h incubation 103.64 ± 2.24 125.05 ± 6.14
Figure 3: Amounts of glycolytic metabolites in Erythrina axes after
air (O) or N2 (9) incubation of seeds. (A) Glucose-6-P; (B) Fructose-
6-P; (C) Fructose-1,6-P2; (D) Dihydroxyacetone phosphate; (E)
Glyceraldehyde 3-phosphate. Error bars represent SE
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the result of inactivation of these two key glycolytic enzymes
nor the inhibition of their synthesis under the influence of
anoxia. The same can be said for FBPase and PK as the N2
treatment had no effect on their activities in both E. caffra
and P. sativum axes.
As anoxia did not seem to affect PFP, PFK and FBPase
activities in axes of both E. caffra and P. sativum significant-
ly, another factor that needed consideration was the pivotal
role of fru-2,6-P2 in determining the direction and net flux
between fru-6-P and fru-1,6-P2 through its reciprocal effects
on PFP and FBPase, i.e. activation of PFP and inhibition of
FBPase (Kruger and Beevers 1985). Hers and Van
Schaftingen (1986) also reported that fru-2,6-P2 inhibits the
plastid and cytosolic isozymes of 6-PGDH from developing
in vitro in the endosperm of Ricinus communis and thus may
also be able to alter the flux through the OPP pathway. The
regulation of glycolysis and gluconeogenesis is accom-
plished by nM concentrations of fru-2,6-P2, while the inhibi-
tion of 6-PGDH activity is achieved by 10μM fru-2,6-P2 (Hers
and Van Schaftingen 1986). Although fru-2,6-P2 concentra-
tions of 5μM and up to 300μM have been reported (Cseke et
al. 1982), it is assumed that fru-2,6-P2 does not influence the
activities of either FBPase or 6-PGDH in E. caffra, since only
pmol quantities were detected. However, the fru-2,6-P2 con-
tent was probably sufficient to activate PFP activity.  In light
of the speculative nature of the controlling role fru-2,6-P2
might play in E. caffra at the concentration measured in the
axes, it was envisaged to gain more information on the gly-
colytic activity in these axes by measuring the levels of key
glycolytic substrates.
Although there might be changes in the direction of activ-
ity at the fru-6-P and fru-1,6-P2 positions, the overall impres-
sion is that glycolysis is very active in E. caffra axes consid-
ering the measured contents of metabolites. Glucose-6-
phosphate was initially not detected, but over the first 12h of
incubation there was a marked increase leading to a definite
peak at 12h. Almost all the glycolytic metabolites, except for
G-3-P, measured higher during the air than the N2 treatment.
The G-6-P, fru-1,6-P2, F-6-P and DHAP contents also
increased during the first 12h of air incubation, peaked and
either continued increasing or decreased slowly. In N2-treat-
ed E. caffra axes these increases were clearly much slower
reaching a peak only after 16h of incubation. This correlated
with the observed PFP and PFK activities that were higher
after 12h than 24h and were also higher in air- than in N2-
treated axes.
Interestingly, 14CO2 release by axes from air-treated E.
caffra seeds, after labelling with [U-14C]-glucose, was much
higher than that from N2-treated seeds, supporting the find-
ings with in vitro glycolytic enzyme studies. In both axes and
cotyledons of P. sativum, however, the opposite was true
and more 14CO2 was released during N2 incubation than dur-
ing air incubation supporting the assumption that anaerobic
metabolism in E. caffra seeds, capable of germinating under
anaerobiosis, differed from seeds that are not capable of
germinating under this anoxic condition.
However, the most prominent difference between E. caffra
and P. sativum axes was the activity of the enzyme PEP
phosphatase as well as its sensitivity to N2 treatment. PEP
phosphatase activity in air incubated E. caffra axes was
fourfold higher than in P. sativum axes. Although the N2 air
treatment had a twofold reducing effect on PEP phos-
phatase activity in E. caffra axes, this reducing effect was
eightfold in P. sativum axes leading to a seventeenfold deficit
compared to E. caffra axes. In light of the ability of PEP
phosphatase to bypass Pi-dependent glycolytic reactions
(Duff et al. 1989a), data from this study suggest that altered
carbohydrate metabolism under the control of PEP phos-
phatase in E. caffra axes under anoxic conditions may be
the single most important factor modulating the response of
E. caffra seeds to anoxia and contribute to its ability to ger-
minate in a N2 environment.
Pyruvate kinase catalyses the irreversible final step of aer-
obic glycolysis (Podesta and Plaxton 1991) but, according to
Duff et al. (1989a), this step can be bypassed by PEP phos-
phatase. However, during anaerobic germination it is
expected that this reaction will not occur in plant tissues,
since glycolysis is presumed to be the main route for ATP
synthesis and to bypass this reaction would result in a lower
ATP production. In support of this theory, PK activity was
enhanced by anoxia in germinated castor oil seeds (Podesta
and Plaxton 1991). Therefore it was quite surprising to
notice that PK activity decreased during anaerobiosis and
that PEP phosphatase activity was higher than PK activity in
Erythrina axes. In contrast, the PEP phosphatase activity in
pea seeds was much lower than that of PK while the PK
activity was lower after the N2-treatment than after the air-
treatment.  In Erythrina cotyledons the activities of the two
enzymes were about the same.
Previous results (Kemp and Small 1994) showed that the
total adenylate (AdN) content in Erythrina axes increased
steadily in spite of anaerobic conditions. However, after 24h
(after radicle protrusion) N2-treated axes had an AdN content
lower than that of air-treated axes. This decrease in AdN
content appeared to be due to a sharp decrease in ATP con-
centration after 24h N2 incubation, while the ATP content still
increased under air conditions (Kemp and Small 1994).  In
contrast to the differences in the amounts of ATP between
the two atmospheric treatments, there was little difference in
the adenylate energy charge (AEC) of air and N2 treated
axes (Kemp and Small 1994). Raymond and Pradet (1980)
showed that when the rate of oxidative phosphorylation was
limited by low O2 partial pressure, the AEC stabilised at val-
ues representative of the rate of cellular metabolic activity. A
low value of AEC (0.3 or less) corresponds to low metabolic
activities (Leung and Schramm 1978). A drop in AEC has
been recorded in most plants when the specimens were
transferred to anoxic conditions (Sieber and Brändle 1991,
Hanhijärvi and Fagerstedt 1995). According to Saglio and
co-workers (1980), organisms able to grow or maintain a
high activity under anoxia have a high AEC. This appeared
to be true for Erythrina which had an AEC of ~ 0.65 after 24h
N2 treatment, and was able to maintain a relatively high level
of metabolic activity.
Based on gas exchange studies, Small et al. (1989)
reported that Erythrina caffra seeds display an apparent
Pasteur effect which is indicative of accelerated glycolytic
pathway activity under anaerobic conditions. However, the
present study showed that glycolytic enzyme activity and
metabolites were not higher during anaerobiosis than during
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aerobiosis seemingly precluding a Pasteur effect. However,
it should be stressed that the apparent Pasteur effect in the
study of Small et al. (1989) was measured in air-incubated
seeds that were switched to N2 for a short term only during
gas exchange measurements. In the present study, seeds
were incubated in N2 from the start of imbibition and there-
fore exposed to anaerobic conditions for 12h and longer.
This may explain the apparent discrepancy in results.
In summary, this study has shown very clearly that there
is a significant difference in anaerobic metabolism between
seeds of E. caffra and P. sativum indicating that P. sativum
seeds show a Pasteur effect with a tremendous increase in
glycolytic fermentative activity. Seeds of E. caffra, on the
other hand, do not appear to exhibit either an excessive
Pasteur effect or marked increase in glycolytic fermentative
anaerobic activity, but are the only ones that germinate
under anoxia. Strong emphasis was placed on glycolytic
activity as the main metabolic route for anaerobic germina-
tion of E. caffra seeds in the past. However, the present
study supports previous findings of Kemp and Small (1994)
with E. caffra as well as findings of Kennedy et al. (1992)
with Echinochloa phyllopogon that other possible metabolic
routes, following glycolysis, appear to be necessary for
anaerobic germination together with initial glycolytic activity.
This is currently under further investigation.
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